This is the first in a series of papers outlining an algorithm to explicitly construct a finite quantum theory of gravity in Ashtekar variables. The algorithm is based upon extending some properties of a special state, the Kodama state for pure gravity with cosmological term, to more general models. We then illustrate a presciption for nonperturbatively constructing the analogue of the Kodama state for a general case, in preparation for subsequent works in this series. We also touch in the last section upon some issues in quantum gravity which may be addressed within the context of our approach, mainly for future work in the seires. These include issues of finiteness, renormalizability, reality conditions on the Ashtekar variables and the problem of time in quantum gravity.
Introduction
The quantization of gravity is currently an unresolved problem in theoretical physics. The main obstacle to its consistent quantization lies in the observation that the theory of Einstein's gravity, unlike the standard model and quantum chromodynamics, is perturbatively nonrenormalizable in metric variables. This impasse has led to two main alternative approaches to its quantization, namely string theory and loop quantum gravity. String theory is based upon the idea that Einstein's theory of gravity is the low energy limit of a more fundamental theory which should rather be quantized instead, and leads to 26 (or 10, in the case of the superstring) dimensional spacetime. Loop quantum gravity attempts to nonperturbatively quantize gravity in 4-dimensional spacetime in the loop representation and has led to many insights at the kinematic level of the gravitational phase space.
The interpretation adopted in the present and in the following series of works for what a finite quantum theory of gravity means is that given a model coupled to Einstein's relativity in 4-dimensions, one must be able to explicitly construct the physical quantum states devoid of ultraviolet infinities for the full theory from which physical quantities of interest can be calculated. A physical quantum state is defined, by this criterion, as a wavefunctional satisfying the quantum version of the constraints of Einstein's general relativity in Ashtekar variables. To explicitly construct such states one must quantize the theory in the Schrödinger representation utilizing Dirac's method for quantizing constrained systems [21] . A good review of the background behind the Ashtekar variables and their resulting simplifications of general relativity can be found in [46] , [29] .
There is one special state in the full theory of quantum gravity, known as the Kodama state, known to exactly solve the quantum constraints to all orders for a particular operator ordering. The fact that this state as well solves the classical constraints exactly [23] , leads to a new conjecture: the principle of the Semiclassical-Quantum correspondence (SQC). For the set of states for which the SQC holds, one can expect an exact solution to the classical theory to imply a corresponding exact solution to the quantum theory with no quantum corrections. In the case of the pure Kodama state, the SQC amounts to the imposition of a self-duality condition constraining the Ashtekar electric and magnetic fields to be proportional to each other by a factor of the cosmological constant Λ.
An expansion of the Hamiltonian constraint reveals its division into a semiclassical part and sincgular quantum corrections. In the case of pure gravity with Λ term, the quantum terms cancel out and the semiclassical part leads directly, via the SQC, to the Kodama state. When matter fields are present in addition to gravity, the SQC is broken due to the existence of induced singlar quantum terms. These singular quantum terms are the main obstacle to the construction of a finite quantum theory of gravity in our interpretation.
In this paper we will derive the criteria that determine the generalized Kodama state for quantum gravity coupled to a Klein-Gordon scalar field in the full theory by generalizing the self-duality condition to the CapovillaDell-Jacobsen (CDJ) Ansatz. In section 2 we first review the construction of the pure Kodama state. We then outline the prescription for dealing with field-theoretical infinities in quantum gravity and apply this prescription to the analogous construction of the generalized Kodama state. We introduce the ingredients necessary to determine this state including the semiclassical CDJ Ansatz and its corresponding quantization. The criterion for the semiclassical-quantum correspondence fixes the CDJ matrix elements. We then outline the construction of the generalized Kodama state and briefly touch upon some issues regarding quantum gravity which may possibly be resolved in this new approach. These include the criteria for finiteness, renormalizability reality conditions, and the computation of the eigenvalue of the metric operator. We save discussion of normalizability, as well as a more detailed treatment of these outstanding issues in quantum gravity, for future work.
We must make a few notes on conventions. Firstly our use of the term 'generalized Kodama states' is not to be confused with the use in [31] and [32] , which constructs Kodama states for pure gravity using different values of the Immirzi parameter to label states. The use of the term in this publication will signify the generalization from pure gravity to the analogous state when additional fields besides gravity are present. Secondly, a quick note on the Ashtekar variables: The basic dynamical variables are a left-handed SU (2) − connection, A a i and its conjugate momentum, a densitized triad σ i a living in a 4-dimensional spacetime manifold M = Σ ⊗ R. Our convention for index labeling is that letters from the beginning of the Latin alphabet a, b, c, ... signify internal SU (2) − indices and that letters from the middle of the alphabet i, j, k, ... signify spatial indices.
The pure Kodama state in perspective
The Einstein-Hilbert action in Ashtekar variables can be written in terms of its 3+1 ADM-type decomposition ( [29] , [10] , [46] )
which is a canonical one-form minus a linear combination of first-class constraints. The constraints are given by the classical equations of motion for the corresponding Lagrange multipliers, which are nondynamical fields since their time derivatives do not appear in the action. These are the lapse density N = N/ deth ij (where h ij is the 3-metric), the shift vector N i , and the time component of the self-dual Ashtekar connection A a 0 = θ a . The classical constraints read
which is the SU (2) − Gauss' law constraint with structure constants f abc . Then there is the diffeomorphism constraint
and the Hamiltonian constraint 
These constraints must hold, classically, at all points x in the 4-dimensional manifold M . We are interested in the reduced phase space for this system, which corresponds to the physical degrees of freedom. The Hamiltonian constraint admits a nontrivial classical solution, 
which is the self-duality relation between the Ashtekar electric and magnetic fields, somewhat analogous to the self-duality relation for the electromagnetic field propagating in a vacuum in which Λ −1 plays the role of c, the constant and finite speed of light. Consistency must be checked with the remaining constraints.
due to the Bianchi identity and to antisymmetry, respectively. To evaluate the action on the reduced phase space one substitutes this classical solution back into the starting Lagrangian, yielding
on account of the constraints. Using the identification for the Ashtekar curvature B i a = ǫ ijk δ ae F e jk where F e jk = ∂ j A e k − ∂ k A e j + f e f g A f j A g k , we can extend this to include the analogous four-dimensional connection by defining
Solving forȦ a i and substituting into (7) one has
Integrating by parts and dropping boundary terms leads to
which can be written in covariant notation by defining ǫ ijk = ǫ 0ijk , noting that the second term in brackets in (9) vanishes due to the Bianchi identity, in the form
where the trace in (10) is taken over left-handed SU (2) − indices. Let us write the state corresponding to (10) in a more recognizable form. Applying Stokes' theorem
where L CS is the Chern-Simons action for the left-handed SU (2) − Ashtekar connection living on the boundary (Σ T , Σ 0 ) ≡ ∂ M of M , we have
where I CS is the Chern-Simons functional of the SU (2) − -valued Ashtekar connection, given by
A semiclassical wavefunction can be constructed from this functional by exponentiating I, in units of i/ , evaluated on the reduced phase space. The exponential of the Chern-Simons functional for quantum gravity is known as the Kodama state, discovered by Hideo Kodama ([41] , [23] ).
Notice how the requirement that the classical constraints be satisfied at all x within M leads to a wavefunctional defined on the 3-dimensional boundary Σ = ∂M . The argument of Ψ Kod is automatically defined at all points x = ( x, t) in M , but there appears to be no inherent mechanism to 'evolve' the wavefunction itself in time from an initial spatial hypersurface Σ t 0 to a final spatial hypersurface Σ T . Yet the wavefunctional is properly defined in terms of the boundary values of its arguments. This holographic property was noted by Horowitz [16] in the observation that a four-dimensional topological field theory is directly equivalent to the three-dimensional theory defined on the boundary. Since this is the result of the defining functional begin a total time derivative, we conjecture that this result generalized to the case when matter fields are included in the theory for states of the form of the generalized Kodama states.
Quantization of the constraints and the semiclassicalquantum correspondence
In order to determine the physical states of quantum gravity the procedure for canonical quantization of constrained systems, developed by Dirac [21] , can in some sense be used as an alternative to the reduced phase space method introduced below. In this procedure one promotes the canonically conjugate variables (A b j , σ i a ) to quantum operators (Â a i ,ˆ σ j b ) and Poisson brackets to commutators via the equal-time commutation relations
and defines a Hilbert space for the quantum operators to act on. To transform the relations (15) into the Schrödinger representation one chooses the basis vectors A a i of the quantum states to be eigenstates of the quantum operatorÂ a i (x) for a given point x. The state A a i satisfies the orthogonality and completeness relations
This property of infinite dimensional spaces, which is indigenous to all quantum field theories including quantum gravity, is a direct consequence of consideration of the full theory as opposed to minisuperspace. any state Ψ can be expressed in this basis by projecting it onto the complete set of states (16) 
According to Dirac, the physical Hilbert space Ψ P hys forms the subset of the full Hilbert space satisfying the quantum version of the constraints, with operator ordering taken into account. We will attempt to find physical states in the simultaneous kernel of the quantum contraints for an operator ordering with the 'momenta' to the left of the 'coordinate' variables.
Using an Ansatz Ψ Kod [A] = exp (G ) −1 I[A] , the Gauss' law constraint, which is a statement of the invariance of the quantum state under SU (2) − rotations of the connection, reads
= 0. (20) Note that the quantum condition on the quantum wavefunction Ψ Kod [A] implies an identical condition on its 'phase' I, which can be viewed as a semiclassical condition. This is a semiclassical-quantum correspondence for the Gauss' law constraint due to the constraint's being linear in momenta. The diffeomorphism constraint is a statement of the invariance of the wavefunction under spatial coordinate transformations of its argument A a i (x) and reads
The Gauss' law and diffeomorphism constraints, kinematic constraints, do not correspond to physical transformations. The Hamiltonian constraint is the dynamical constraint, which does encode nontrivial dynamics of the theory in this case since it is at least quadratic in momenta.
Expanded out this reads
where κ = G Λ/6. On the one hand, one can see that due to the operator ordering chosen there exists a nontrivial solution in which the operator in square brackets annihilates the state
One can read off the functional differential condition
from which, if one could 'functionally integrate', one could explicitly determine I and construct a wavefunction. The condition is defined on a particular 3-surface Σ t on which the constraint is evaluated. Let us contract the left-hand side of (25) by the time derivativeȦ a i (x) and integrate over all 3-space of the manifold Σ.
which is nothing but the definition of the time derivative of a functional of an independent variable A a i defined on 3-space in terms of the evolution of the variable. Recall that for functional variation on the infinite dimensional functional spaces of the type encountered in field theory,
It so happens, then, thatİ is a total time derivative. Integrating from t = t 0 to t = T , one has that the functional I evolves from the initial 3-surface Σ 0 to the final 3-surface Σ T
where we have used the results from (11) . We can now write down the solution to the quantum Hamiltonian constraint as
So the quantum and the semiclassically determined states coincide to all orders with no quantum corrections. We will define this property, the 'Semiclassical-Quantum Correspondence' (SQC). The usual prescription by which a classical theory gets promoted to its quantum counterpart is a rough rule of thumb which leads to an ambiguity in quantum theories to choose from of order . The correct quantum theory is fixed by comparison with experiment. However, we have demonstrated that from the infinite set of possibilities to choose from, there is a unique quantum theory: that which matches the classical theory exactly to all orders vis-a-vis the Kodama state. Since classical, and not quantum, gravity has a firm experimental basis, then it must be that the quantum theory which matches it does so as well. Thus, it appears that as long as one looks for states for which the semiclassicalquantum correspondence holds, then one can be assured that any aspect of the classical theory of general relativity which can be experimentally tested can as well be experimentally tested in the corresponding quantum theory.
A reasonable question to ask is what physical theories admit a pure Kodama state. It has been demonstrated [5] , [29] the construction of such states by alternate methods for N = 1 and N = 2 supergravities in 4-dimensions. In [4] a canonical analysis was performed for N = 3 supergravity. The reason that no such Kodama state seems to have been constructed, to the present author's knowledge, is due to the fact that for N ≥ 3 there automatically exist additional lower spin fields which ruin the topological nature of the models that exibit the SQC. We will ultimately demonstrate, in this series of publications, a new way to extend the SQC to such theories. But first, let us illustrate some ways in which the correspondence can be broken.
2.2 Semiclassical-quantum correspondence for the pure Kodama state
The pure Kodama state is the exact solution to the constraints of the full theory with Λ term when there are no matter fields present in addition to gravity, given by Ψ Kod = Ψ Kod [A] . This can be represented in terms of the self-duality Ansatz
The pure Kodama state arguably, issues of normalizability aside, can be said to represent a canonical quantization of four dimensional general relativity in the full superspace theory, exactly to all orders with no quantum corrections for pure gravity with Λ term. Of course Ψ Kod is a special state, which satisfies the self-duality condition and as well the semiclassical-quantum correspondence (SQC). Equation (30) satisfies the SQC since its quantized counterpart yields the same condition to all orders. The quantized version of (30) is given by
We will demonstrate in this paper a new method for expanding generalized Kodama states about the pure Kodama state. Let us emphasize that our use of the term, 'generalized Kodama states' is not the same as in [31] and [32] . In these works Randono generalizes the pure Kodama state, not including matter fields, by constructing and interpreting states with different values of the Immirzi parameter γ. Our use of the term 'generalized Kodama states' refers to states incorporating quantized matter fields in addition to gravity for γ = √ −1.
Ultraviolet singularities in quantum gravity
The equal-time commutation relations for a quantum field theory read
Equation (32) in words reads that a quantum mechanical measurement at x does not affect a corresponding measurement aty y is x and y are separated by a spacelike interval. This statement is intimatley linked to the causality picture in Minkowski spacetime. A profound question is whether or not the analogous relation holds in background independent quantum gravity. This is one of the hypotheses which must be tested against a consistent quantum theory of gravity. Nonetheless (32) facilitates the manipulation of field-theoretical quantities in the Schrödinger representation.
Dirac delta functionals in quantum gravity
During the course of our quantization programme for Einstein's four-dimensional gravity we will occasionally need to evaluate the derivative of a delta function δ (3) (x) at the point x. Recall the definition of the one-dimensional delta function δ(x)
for all test functions f (x). It will shed considerable light in our quantization programme to regard the delta function as a function or distribution in its own right independently of any test functions. The spatial derivative of this function or distribution can be given, just as one may intuitively define the derivative, by
We have taken the symmetric version of the derivative in (34) . This appears most suitable, since the delta function can best be approximated by a sequence of even functions. Nonetheless, cast as a function the Dirac delta function should be independent of the representation. (34) may appear to be not well-defined as a function in and of itself by conventional thought. However, when integrated against a test function f (x) one has (35) which is the desired meaningful result. Note that we have not imposed any requirements on test functions such as fall-off conditions at infinity, since the Dirac delta function by definition already has compact support. Notice also in (35) how the Dirac delta function has sifted out the symmetric form of the derivative of f .
Use of functional derivatives in quantum gravity
Now that we have defined the derivative of a delta function of x our interpretation will be such as to treat δ (3) (0) as a (infinite) numerical constant, thus ∂ j δ (3) (0) = 0. Such quantities will arise repeatedly in the analysis of the Hamiltonian constraint of quantum gravity in the Schrödinger representation, and are due to taking multiple functional derivatives evaluated at the same spatial point. This is a nonconventional interpretation, as strictly speaking one typically integrates delta functions against a test function N (x) in order to try to make sense of such an expression as
One writes, upon taking account of the fall-off conditions imposed upon
However, when x = y in (36), the the interpretation (37) in terms of distributions and test functions is not so clear. It seems more natural to conform to the functional definition as provided, making the identification
It may appear counterintuitive to interpret (38) the way it reads, namely that the field φ(x) and its spatial gradient ∂φ(x) at the same point can be regarded as independent variables. However, in quantum field theory the evolution of the field is not deterministic. Any arbitraty function φ(x) can be substituted into an action, even funtions not satisfying the classical equations of motion, including functions which are not differentiable. The only restriction is that the function be continuous and have a well-defined value at each point of manifold of positions Σ. So in the space of functions, there is no apriori relation between φ and ∂φ.
In quantum gravity, a constrained diffeomorphism invariant theory unlike the usual field theories, the processes of functional and spatial variation commute, however we will find that the processes of functional and time variation do not. This property might provide a solution of the problem of time in quantum gravity, which does not have a counterpart in ordinary field theory.
Functional versus spacetime variation
To make the commutativity of spatial and functional differentiation more precise, we will now see the utility of the symmetric definition of the derivative when working with field theory and in particular, quantum gravity. Let us compute the functional derivative of the spatial derivative of φ(x) at x. In order to visualize this procedure, which acts on the infinite dimensional space of quantum fields, it is convenient to discretize space into intervals of length a. This can be justified by consideration of the predictions of loop quantum gravity which indicate that spacetime on a quantum level is discrete on the scale of the Planck length l P l , rather than continuous. So one has, applying the field theory relations to the discretized version of (39) at the point x ≡ x n ,
Under the assumption that space is discrete, regardless of the spacing a, (39) vanishes. So one is free to make the spacing arbitrarily smaller than the Planck length scale a << l P l and one would still have the same result. Therefore we will assume that functional and partial derivarives at the same point commute in the continuum limit, since the partial derivative of a function at a point depends upon the value of the function at adjacent separated points.
We have shown in (39) that spatial derivatives commute with functional variation [∂ i , δ] = 0. But the question arises as to whether the same is true of time derivatives. In other words we must evaluate the quantity
In the square brackets in (40) we must hold spatial position fixed and differentiate with respect to time. Discretizing the time interval,
Immediately in (41) arises the problem of how to interpret δφ(x, t n±1 )/δφ(x, t n ). We cannot use (32) , since the commutation relations are defined only at equal times. If we had a completely covariant description of nature in which space and time were on equal footing, then the commutation relations might read
But (32) restricted to equal times would read
which is in contradiction with (32) . So it would appear to be the case that time and space are not exactly on equal footing in the process of quantization. This feature of nonmanifest covariance is not unique to quantum gravity.
The most direct way to take into account the difference in times in (41) within the framework of quantum mechanics is to evolve the fields to equal times via the Heisenberg picture.
Substituting into (41) for infinitesimal times,
Since functional variation with respect to the fields does not commute with the Hamiltonian, the most direct way to evaluate (45) is to expand the commutators. Hence,
Substituting into (45), the zeroth order term cancels out and we have
where in (47) the O(ǫ) terms have vanished in the ǫ → 0 limit and we have made use of the equal-time commutation relations in the last line. So we see that although functional variation commutes with spatial variation, it in general does not commute with time variation. The interpretation is that functional vairation of fields includes time evolution of the fields. This effect relates to a possible cure of the problem of time in quantum gravity and will be discussed in more detail in this and in subsequent work.
Coincidence limit of delta functions
In the quantization of gravity in the Schrödinger representation we will need to evaluate repeated functional derivatives at the same spatial point. The functional derivative of a functional H[η] is given, when the functional is the integral over all space
for some function G(x) is given by
. (49) So we see that the functional derivative of the integral over three-space contains one degree of singularity less than the functional itself, having been reduced to the value at a point since the singularity is cancelled out by the process of integration of the density. However, when the functional itself is explicitly a function of x, ultraviolet singularities result from the procedure.
The functional derivative of a function F [η(x)] evaluated at the same point x at equal times is given by
Our interpretation of this expression is that the functional relationship between F [η(x)] and η(x) at the point x has been exposed and the quantity
is an exemplification of that relationship at the point x, a label which can be suppressed. The coefficient δ (3) (x) ensures that this 'relationship' has compact support, valid only at the origin x = 0 but trivial (devoid of physical content) otherwise. We invoke the notation F ′ [η]δ (3) (0) to highlight that the nontrivial physical content in this apparently ill-defined quantitity is transported to each point in space. To illustrate that it does in fact have physical content, let us take another functional derivative.
Again, we interpret that due to the compact support of the δ (3) (x) distribution, the operation contains nontrivial physical context only at the point x = 0 while the functional relationship F [η] between F and η is maintained irrespective of the value of x. We illustrate this by the notation
Since this operation could have been performed at any arbitrary point x yielding the same functional form and the origin of the coordinate system can be arbitrarily chosen, the functional relationship between F [η] and η, which is independent of position, can be exploited to harness the encoded physics everywhere in Σ. It is this property of which we make use in the analysis of the Hamiltonian constraint. Note due to the functional independence of δ (3) (x) upon η(x), that functional derivatives can be taken to arbitrarily high order, producing arbitrarily singular products of delta functions.
Having defined the commutations relations and the process of functional differentiation, we will not perform regularization procedures in order to get rid of any infinities that result. This is because it is not guaranteed that we will always, or ever, be fortunate to obtain answers independent of the particular regularization prescription, for which there are be infinitely many to test. This in no way relieves us of the duty to deliver finite results in quantum gravity, but we shall not make the use of regularization to do so.
A few useful definitions
We will need to make use of a few identities in what follows. First, we note that three dimensions is special in that the SU(2) group has three generators with structure constants f abc ∝ ǫ abc similar to the epsilon tensor ǫ ijk for Cartesian space. This allows us to regard the Ashtekar variables as 3 by 3 matrices. We will use interchangeably the symbols f abc and ǫ abc when refering to the SU(2) structure constants. The Ashtekar magnetic field B i a is given by
We have the following additional identities
Note that in evaluating functional derivatives we are restricted to performing operations on quantities evaluated at the same time t, e.g. on the same spatial 3-surface Σ t in order to make use of the equal-time quantum commutation relations. For x = y in (53), one must have δ (3) (0)D ik ac = ǫ ikl ǫ ace A e l (x), due to the commutativity of functional with partial differentiation. Moving on to the third functional derivative,
In the coincidence limit of (54) we have
All functional derivatives higher than the second vanish, since ǫ ijk abc is a numerical constant. From now on we will suppress the position dependence of the variables when convenient and will insert the appropriate factors of δ (3) (0) when necessary. With these basic identities we are ready to expand the quantized Hamiltonian constraint.
Generalized Kodama state and the CDJ Ansatz
Our method for dealing with the quantum constraints of relativity will be to parametrize the phase space in terms of CDJ matrix elements Ψ ab and then quantize the CDJ Ansatz subject to the constraints including the matter contributions. In this chapter and from now on, we shall maintain all factors of G ≡ 16πG/c 2 explicit.
We have reviewed the method for the quantization of gravity for pure gravity with cosmological term Λ as it relates to the pure Kodama state Ψ Kod . We now outline a possible method to consistently quantize four dimensional general relativity in the full superspace theory in the more general case, namely gravity coupled to quantized matter fields. In this way we shall generalize the Kodama state. The generalized Kodama state contains functional dependence upon the gravitational A a i and matter variables Ψ GKod = Ψ GKod [A, φ], where φ ≡ φ α represents the matter fields of the model. When matter fields are present in addition to gravity, the constraints can still be solved at the classical level [8] by use of the CDJ Ansatz
In (56) the CDJ matrix Ψ ae ≡ Ψ ae [A, φ] in general contains nontrivial functional dependence upon the gravitational and the matter variables at each point x.
The CDJ Ansatz (56) can be viewed as a generalization of the selfduality condition (30) to accomodate the presence of the matter fields, and contains sufficient degrees of freedom to allow solution of the constraints at the classical level [8] . The claim is that since the CDJ Ansatz is linear in gravitational momentum σ i a , it as well satisfies the SQC. Therefore one can promote (56) to its quantized version without breaking this correspondence. This is the analogue of (31) as applied to the generalized Kodama state
In (57) the self duality condition is generalized from the case of a homogeneous isotropic CDJ matrix, and the CDJ matrix in this context now plays the role of a generalized inverse cosmological constant.
There is also a matter-momentum analgoue to the CDJ Ansatz. In the case of the Klein-Gordon scalar field we havê
where π(x) is the eigenvalue of the matter conjugate momentum on the generalized Kodama state Ψ GKod . Our prototype model for the construction of solutions to the constraints will be the Klein-Gordon scalar field coupled to gravity in the full (nonminisuperspace) theory. There are a few complications relative to the CDJ matrix elements of the pure Kodama state which will arise due to the presence of quantized matter fields in the full theory. We have generalized the basis states in the Schrödinger representation to accomodate the presence of the matter fields via the identificaions
Any state Ψ can now be expressed in this basis by projecting it onto the complete set of states (59) defined on a particular spatial hypersurface Σ t
Mixed partials condition
Since the gravitational and matter fields A a i (x) and φ(x) respectively are independent dynamical variables, then they must have trivial commutation relations with each other. So the commutation relations read
The right hand side of (61) in its action on the generalized Kodama state
Leads to a condition know as the mixed partials condition. Let us proceed into the Schrödinger representation taking
Taking the first functional derivatives in (63),
the semiclassical part cancels out. In order for (64) to be valid, the coefficient of the δ (3) (0) must vanish as well. This implies
Note that (65) is a condition which holds separately at each point x on the hypersurface Σ t for each time t. It resembles a minisuperspace equation but is in fact still the full theory. The mixed paritals condition will be useful in the elimination of matter momentum in the solution of the quantized constraints for the CDJ matrix elements.
Generalized diffeomorphism constraint
The classical diffeomorphism constraint reads
where H i is the matter contribution. In (66) we have introduced a factor of G to balance the dimensions in accordance with the time-space part of the Einstein equations G 0i = GT 0i . Substution of the CDJ Ansatz (56) into (66) yields the condition
Using the relation ǫ ijk B j e B k a = (detB)(B −1 ) d i ǫ dae and assuming the nondegeneracy of the Ashtekar magnetic field B i a , we have
where τ 0d is the projection of the time-space component of the matter energy momentum tensor T 0i into SU (2) − . Equation (68) is a statement that the antisymmetric part of the CDJ matrix is uniquely fixed by the matter contribution to the quantum diffeomorphism constraint, as noted in [8] .
There are two main points of interest regarding (68): First, the constraint is locally satisfied, as a linear relation. The antisymmetric components of Ψ ab here and now depend upon the local matter momentum here and now. Secondly, a nontrivial right hand side to (67) signifies one of the differences between the full superspace and minisuperspace theories since it contains spatial gradients of the matter fields which would otherwise be zero.
Note that since the constraint is valid at each point x, that the gradients ∂ i φ may be regarded in our interpretation as independent variables of φ. This is because the functional form of φ = φ(x) upon position can be arbitrarily chosen in the quantum theory unlike in the classical theory for which the dependence is linked to the solution of classical equations of motion. In the minisuperspace theory one would have H i = 0 for a Klein-Gordon scalar field, corresponding to a symmetric CDJ matrix.
Quantization of the diffeomorphism constraint
First there is the diffeomorphism constraint, which uniquely fixes the antisymmetric part of the CDJ matrix. This is the first degree of complexity of the full theory relative to the minisuperspace theory in that it involves spatial gradients of the scalar field which would otherwise be zero due to spatial homogeneity. This is a local constraint, given by
where H i is the matter contribution. The quantized diffeomorphism constraint reads
where we have used the quantized CDJ Ansatz in (69) 
Equation (71) is precisely the same condition that would arise from the classical part of the constraint, and therefore satisfies a semiclassical-quantum correspondence. In fact, this result holds independently of the chosen operator ordering. It is a property of constraints which are linear in conjugate momenta that the operator ordering is for the quantized version is immaterial [16] , [34] .
Generalized Gauss' law constraint
The Gauss' law constraint in the presence of the matter fields reads
Again, note that the matter contribution Q a contains a factor of G relative to the gravitational contribution in (72) in order to balance the dimensions. We have omitted a dimensionless constant which represents the numerical value of the matter SU (2) − charge g. This would be the analogue of the electric charge e in Maxwell theory and is expected to be very small. The parameter g can always be inserted when needed, but we will omit it in what follows. Substitution of the CDJ Ansatz into (72) leads to the condition
Using the Bianchi identity this yields
The Gauss' law constraint is also a linear condition on the CDJ matrix elements and satisfies the semiclassical-quantum correspondence due to being linear in conjugate momenta.
where the connection C e is given, in the tensor representation of the CDJ matrix elements, by
where we have defined the connection C by C e a = B i a A e i . Here we have taken a parametrization of the CDJ matrix matrix Ψ ae , the connection C e and the SU (2) − charge Q e in terms of the directions of path-ordered integration in SU (2) − , for which there are three linearly independent directions. We have done this merely for convenience, noting that one can always express the directions in terms of x i in Σ via the invertible map
assuming the nondegeneracy of the Ashtekar magnetic field, a property of the existence of matter fields in the theory [8] .
The Gauss' law constraint is a differential condition on the CDJ matrix elements whose solution requires integration in the spatial direction, holding all functional dependence of Ψ ab and Q a upon the gravitational and matter phase space variables fixed. In this sense the CDJ matrix elements are nonlocal. The CDJ matrix here and now depends upon the local matter charge everywhere and now. The Gauss' law constraint for a particular CDJ matrix element Ψ ae ≡ ψ(α; t) and path-ordered integration along a path parametrized by t can be put into the form
where α corresponds to the set of all directions dual to the direction of pathordered integration t. In 3-space Σ there should be two such dual directions which are each linearly independent of t and of one another. The formal solution to the Gauss' law constraint is given by
where U , the parallel propagator along the path t with connection C = AB is given by
Quantized Gauss' law constraint
The quantum Gauss' law constraint readŝ
where Q a is the SU (2) − charge for a general matter field, given by
For the Klein-Gordon scalar field φ the source term Q a is zero. This is so since the field is a Lorentz scalar and therefore does not transform under SU (2). Since the Klein-Gordon field does not carry a SU (2) charge, (81) becomesĜ
The last term of (83) vanishes since the covariant derivative of the state Ψ, which is a position-independent diffeomorphism invariant scalar. Hence the 'eigenvalue', which is the same as the classical version of the constraint, can be read off from (83) as
where in (84) the Bianchi identity has been used. From the perspective of the full CDJ matrix the Gauss' law constraint (84) for a Klein-Gordon scalar field for the full theory is sourceless. However, from the perspective of the invidual CDJ matrix elements it is not sourceless in that any combination of the matrix elements acts as a source for the remaining elements. The particular matrix elements being solved for include in general both local and non-local effects, since they involve path-ordered integration along prescribed curves in the manifold Σ in conjunction with covariant differentiation along separate curves. It is the non-commutativity of these processes which sheds some light into the inner workings of the kinematic constraints which is missing in the loop repesentation, where they are imposed essentially by hand.
Recapitulation of the kinematic constraints
There are a few items of note regarding the kinematic constraints.
(i) Both sets of constraints are linear in conjugate momenta and their solution depends linearly upon the matter source, namely the Noether charges corresponding to the respective kinematic symmetries. The kinematic constraints by definition satisfy the SQC since the operator ordering for the quantized version is immaterial.
(ii) As a corollary to (i), the processes of Dirac quantization and phase space reduction are the same [16] .
(iii) The solutions to the six kinematic constraints eliminate, modulo boundary conditions on the Gauss' law constraints, six out of nine degrees of freedom of the CDJ matrix Ψ ab , leaving three degrees of freedom remaining for the Hamiltonian constraint.
(iv) The diffeomorphism constraint determines the antisymmetric part of the CDJ matrix and depends locally upon the spatial gradients of the matter field, which distinguishes one aspect of the full theory from minisuperspace. In contrast, the Gauss' law constraint determines three alternate CDJ matrix elements globally via path-ordered integration to cover the manifold Σ. The matter contribution to this constraint is of exactly the same form in the minisuperspace and in the full theory, but does distinguish SU (2) − scalars from fields transforming nontrivially under SU (2) − . The diffeomorphism constraint makes this distinction as well, via the difference between a spatial gradient ∂ i and a SU (2) − covariant derivative
(v) Lastly, the quantized versions of the kinematic constraints do not produce any information not already contained in their classical counterparts due to the SQC. The form of these constraints is model-independent, since they are expressed entirely as a representation of the kinematic gauge algebra.
Expansion of the Hamiltonian constraint
The classical Hamiltonian constraint is given by
where Ω is the matter contribution. Substitution of the classical CDJ Ansatz into (85) results in one condition relating the invariants of the CDJ matrix, namely
The matter contribution in general contains dependence upon the CDJ matrix elements in addition to the matter fields Ω = Ω[φ, π, Ψ ab ], due to the gravity-matter coupling g µν T µν stemming from the Einstein equations G µν ∝ T µν . Unlike for the kinematic constraints, the form of the matter contribution to the Hamiltonian constraint is model-specific. Solution of (86) would eliminate one degree of freedom in the CDJ matrix. Combined with the six kinematic constraint solutions this leaves, modulo boundary conditions due to the Gauss' law constraint, two degrees of freedom remaining in the CDJ matrix Ψ ab . This results in a two-parameter ambiguity in generalized Kodama state at the classical level.
Since we are interested in generalized quantum Kodama states, we must solve the quantized version of the Hamiltonian constraint. Since there are matter fields φ α in the theory, the pure Kodama state becomes elevated
The quantized version of (85) is given bŷ
A question arises as to whether (87), being cubic in conjugate momenta, satisfies the SQC as does its kinematic counterparts. Substitution of the quantized CDJ Ansatz (57) into (87) leads to a condition of the form
88) for all x, whereupon the nonlinear action of the Hamiltonian constraint upon the state leads to the presence of singular quantum gravitational terms.
In a usual field-theoretical treatment, such singular terms would be regularized by some prescription in order to yield a finite result. However, there is no guarantee that the result obtained by solving the regularized constraint independent of the regularization prescription [33] . Therefore we shall dispense with any regularization procedures altogether in the canonical part of our quantum treatment of gravity.
Cosmological contribution to the expansion of the quantized Hamiltonian constraint
There are a total of three contributions to the quantized Hamiltonian constraint namely the cosmological term, the curvature and the matter terms.
Starting with the cosmological term H Λ , suppressing the implicit x dependence,Ĥ
In (89) 
The observation that the second and third terms in the last two lines of (90) are proportional to each other enables a simplification of the 'eigenvalue' of the cosmological term. This can be seen by expanding out the coefficient of the quantum gravitational singularity and reshuffling indices. (91) in (91) we have used the Liebnitz rule. To show all three terms on the right hand side of (91) are equal, relabel b ↔ c, f ↔ e and j ↔ k on the second term and a ↔ c, f ↔ e and i ↔ k on the third term. This leads to
Relabeling j ↔ i and a ↔ b on the last term on the right hand side of (92), we obtain a final result for the second and the third terms on the right hand side on the bottom two lines of (90) which constitute the first-derivative terms of the constraint, of
The semiclassical part of (90) is given by
The factor of 6 due to the definition of the determinant has cancelled out. So the total contribution due to the eigenvalue of the cosmological term is given byĤ
We shall now move on to the curvature contribution,
Curvature contribution to the expansion of the quantized Hamiltonian constraint
The curvature contributionĤ curv to the quantized Hamiltonian constraint is given byĤ
Note that we have maintained an operator ordering with momenta to the left of the coordinates in analogy to that determining the pure Kodama state. It has been demonstrated that for this ordering, the quantum algebra of constraints formally closes [11] , [12] . Continuing along,
The semiclassical part of (96) is given by
where the SU (2) − variance of the CDJ matrix elements is given by
The coefficient of the highest degree of singularity ( Gδ (3) ( x)) 2 in (96) is a nonzero numerical constant equal to 36, as can be seen from the manipulation
Therefore, in order to satisfy the quantum Hamiltonian constraint by canonical methods without complications, it is necessary to have a contribution toĤ that cancels this numerical constant. The alternative is to modify the starting Lagrangian by a counterterm H ct such that the singularity cancels upon imposition of the quantized constraint
(100) does not correspond to general relativity, but reduces to it in the → 0 limit. It will in practice not be necessary to invoke (100), as there in general are sufficient mechanisms for anomaly cancellation via the cosmological term Λ and matter terms. So the total contribution due to the curvature is given byĤ
Next we move on to the matter contribution.
Matter contribution to the expansion of the quantized Hamiltonian constraint
The contributions calculated thus far to the quantized Hamiltonian constraint are of the same form regardless of the model, as in the case of the kinematic constraints. It is the matter contribution that distinguishes one model from another, vis-a-vis its specific form and also through the final solution for the CDJ matrix elements. Before attempting to solve the constraints, we must take into account the contributions due to the matter fields for the full theory. We will illustrate using a Klein-Gordon scalar φ with conjugate momentum π.
Expansion of Klein-Gordon scalar field contributions
We will assume that the scalar potential V (φ) can be included as a contribution to the cosmological term Λ. Since the Klein-Gordon scalar field contribution to the quantized Hamiltonian constraint is quadratic in conjugate momenta we should expect a contribution both to zeroth and first orders of singularity. Starting with the classical form of this contribution,
we have, upon quantization and making the identification (1/2)
Continuing on from (103) and making use of the CDJ Ansatz,
The term T ij D ij ea in (104) vanishes due to symmetry of T ij and antisymmetry of D ij ea . One can thus read off from (104) the contributions to Ω 0 and Ω 1 due to the Klein-Gordon field and expand relative to the pure Kodama state. These are given by
Putting it all together
The full expansion of the quantum Hamiltonian constraint can be written in the form, combining all terms,
We see from (106) that a third-order differential condition on the generalized Kodama wavefunction is equivalent to a second-order differential condition on the CDJ matrix elements. The tradeoff is that whereas the former differential condition is linear, the latter differential condition is nonlinear. The expansion (106) can be written in compact form aŝ
In order for (107) to be satisfied for all x, which is equivalent to the condition that the quantum Hamiltonian constraint, upon direct promotion from its classical counterpart (which stems from the requirement δI Ash /δN (x) = 0 ∀x), be identically satisfied ∀ x, we must impose that q 0 ( x) = 0 ∀ x. This is the classical part of the Hamiltonian constraint and also forms the semiclassical part of the SQC.
Note for x = 0 that the quantized Hamiltonian constraint is identically zero due to the delta functions, which have support only at the origin x = 0. So there is an automatically manifest semiclassical-quantum correspondence for all points not including the origin. But we require that the quantized Hamiltonian constraint be satisfied everywhere, including the origin, as a necessary condition for a finite, consistently quantized theory. This dictates, and is often put in an abuse of notation, that
The continuity of the SQC imposes conditions on the coefficients of the singular delta functions in (108), namely that q 0 = q 1 = q 2 = 0. Since the origin of Σ can be arbitrarily chosen, then these conditions must be satisfied at all points x in Σ. This implies certain functional relationships in the coefficeints q 0 , q 1 and q 2 , amongst the fields A a i = A a i (x) and φ α = φ α (x) which must be true for all x independently of position in Σ. The explicit x dependence of the fields themselves can then be suppressed, since x is merely a dummy label. q 1 corresponds to a first order singularity, and is a first-order nonlinear differential equation given by
Equation (109) can be thought of as the functional divergence of linear and quadratic CDJ matrix terms with respect to 2-index and 4-index SU (2) − tensorial indices. The matter contribution Ω 1 is present for matter models with Hamiltonians quadratic in conjugate momenta. Equation (109) resembles a minisuperspace equation but is in actuality the full theory, since the position dependence x has been suppressed. The functional form of the solution is the same for all x, since the x dependence must be frozen in order that the integration can be carried out in the direction of the functional space of fields A a i , φ. The functional Laplacian term q 2 is given by
10 Discussion: Solution criteria for quantum gravity and preview into further directions
The resolution of many of the issues related to the consistent quantization of gravity in the full theory in four dimensions by our interpretation will depend upon the ability to construct the CDJ matrix elements for an arbitrary model coupled to gravity with cosmological term. The resulting condition upon the CDJ matrix elemets Ψ ae amounts to a system of nine equations in nine unknowns. This is a total of three equations from the quantized Gauss' law constraints, three equations from the quantized diffeomorphism constraint, and three equations from the quantized Hamiltonian constraint. First let us write the system corresponding to the pure Kodama state.
The system (111) is a nonlinear system with solution Ψ ae = −6Λ −1 δ ae , which corresponds to the pure Kodama state Ψ Kod in a quantum theory of gravity free of field-theoretical singularities at the level of the state. The basic principle of the nonperturbative quantization of gravity in the general case in the full theory is to introduce a driving force to the right hand side of (111), corresponding to a particular matter model. The associated criterion of finiteness of the quantum state produces a system which whould hopefully converge, in the functional sense, to the CDJ matrix elements for the generalized Kodama state for the model. In the case of the Klein-Gordon field with self-interaction potential V (φ) coupled to gravity the associated system then becomes ǫ aed Ψ ae = Gτ 0d ; ∂ ∂t e + C e Ψ ae = GQ a = 0;
The system (112) represents a system of nine equations in nine unknowns, corresponding to the model of the Klein-Gordon field coupled to quantum gravity in the full theory. Likewise, this system should have a unique solution for its CDJ matrix elements Ψ ae correpsonding to its associated generalized Kodama state. Note that the self interaction potential can be treated as a contribution to the cosmological constant Λ. This procedure should in general be applicable to any model coupled to quantum gravity. In the case of the Klein-Gordon field the SU (2) charge Q a is zero. We attribute the property of finiteness of the theory to the absence of ultraviolet infinities in the solution.
Construction of the generalized Kodama state
The ability to construct the generalized Kodama state Ψ GKod will depend upon the existence of solutions for the corresponding CDJ matrix elements via the associated solution of the system of nine equations in nine unknowns.
To put the generalized Kodama state into perspective, let us build it in stages from the simplest level of complexity. When coupled to matter we should have, assuming a solution to the quantum constraints, assuming a general matter model consisting of matter fields φ α
To see more clearly the relation between the two terms from a different perspective, it helps to express (113) in covariant form. We have, for the gravitational part,
where we have made the identification in analogy to SU (2) Yang-Mills theory, that
To show the steps for the zeroth component,
(116) Performing an analogous operation for the matter fields,
In (117) we used the definition of the time component of the covariant derivative
with the SU (2) − charge Q a , given by
Let us first rewrite the last term on the last line of (114)
The first term on the right hand side of (120) corresponds to a gauge transformation on the two dimensional boundary ∂Σ of three-space Σ, and we are left with
Having expressed both the gravitational and the matter contributions in covariant notation, we can rewrite (113) in covariant notation as
on account of Gauss' law. (122) signifies an interaction between the gravitational and the matter field based on Gauss' law. Without knowledge of the CDJ matrix solution, there would be no physical input at this stage of simplicity different to that from SU (2) Yang-Mills theory coupled to matter. But there is input from gravity, since the gravitational phase space is smaller than its Yang-Mills counterpart owing to the remaining constraints which determine the CDJ matrix. It may appear that Ψ GKod = e ±iI/ in (122) contains dependence upon a four vice three-dimensional connection. However, we argue in analogy to the result for the pure Kodama state stemming from Stoke's theorem, that any dependence upon the fourth component A i 0 cancels out due to Gauss' law, making the state implicitly dependent upon the three-dimensional connection as defined on the final spatial hypersurface. This can be seen by the analogouw argument involving time derivatives. In the latter case we have I = I[A a i , φ α which yields, in accordance with the SQC as a functional of two independent sets of dynamical variableṡ
Making the observation that (123) is a total time derivative, one converts the wavefunctional to a boundary term defined on the final hypersurface by doing the integral
Preview into renormalizability of quantum gravity
The criteria for the nonperturbative renormalizability of quantm gravity by our approach lies in the equivalence between the canonical and the path integration methods to quantization. This equivalence has been shown in [36] , [38] , under general considerations. However, there has not to date been in existence a means to establish this equivalence in metric variables. The Wheeler-DeWitt equation, which forms the canonical aspect, has not been solved in metric variables in the full theory due to the inability to make sense of the ultraviolet infinities that result. Equally so, the path integration aspect has not been established due to the perturbative nonrenormalizability of general relativity in metric variables. It is still a possibility that the two approaches are equivalent as in [36] , [38] . However there is no way to test this equivalence due to the technical issues involved. However, we have shown that the canonical aspect of the equivalence in Ashtekar variables is finite by existence of the pure and the generalized Kodama states, which arise from the CDJ matrix elements devoid of infinities. The canonical aspect musty then be equivalent, by [36] , [38] to the corresponding path integration aspect in Ashtekar variables. This means that the state corresponding to the path integral in Ashtekar variables must be finite, since it must correpsond to the canonically determined Kodama states. Since Ψ Kod and Ψ GKod are finite, then so must be their path integrated versions. Therefore the existence of these states must be a direct consequence of renormalizability: nonperturbative renormalizability. We will show in subsequent work the equivalence of these approaches to quantization by deriving the pure and the generalized Kodama states by path integral. We will also demonstrate in subsequent works the interpretation of perturbative renormalizability as it applies to the Ashtekar variables. This will come into play when we compute the norms of the pure and the generalized Kodama states, which require evaluation of their partition functions.
Preview into the canonical versus path integration methods of quantization
The singular terms in the quantized Hamiltonian constraint eigenvalue arise due to functional derivatives acting at the same spatial point x. The degree of singularity, δ (3) (x) as opposed to δ (2) (x) or δ(x), signifies the existence of a good semiclassical limit for the generalized Kodama state Ψ GKod . This can be seen from the exponential Ansatz Ψ GKod = e I GKod , where I GKod has the interpretation of an action integral over all 4 space-time given by
In (125), L GKod is an 'effective' Lagrangian density with the time integrated out (schematically, M ∂I → ∂M I). In order to see the relationship of (125) to the canonically determined quantum state, one can interchange of the order of spacetime integration to obtain
(126) In (126), f represents a functional defined on the final spatial hypersurface Σ T at time T . The interpretation is that the functional has been projected from a covariant description witin M onto the spatial hypersurface Σ T by singling out and integrating over the time variable.
The generalized Kodama state Ψ GKod can be associated with an effective action stemming from the path integration approach to quantization [?] ,
where Γ ef f is given by
for some effective Lagrangian L ef f . Note that Γ ef f contains all loop corrections steming from the path integral (127). The canonically determined state Ψ GKod contains the correct form to possibly match the path integral. If Ψ GKod is finite, e.g. devoid of field theoretical singularities, then this implies that the path integral for gravity in Ashtekar variables is also finite. In this sense the quantum theory of gravity could also be considered finite due to the equivalence of the canonical to the path integration approaches to quantization as indicated above. Also, the form of the field-theoretical singularities δ (3) (0) implies that the canonically determined quantum state is expressible in terms of its arguments as defined on the final spatial 3-surface and therefore possesses many of the necessary ingredients to serve as a wavefunction of the universe. The fact that it is defined on the final 3-surface with respect to the initial 3-surface implies that the problem of time in quantum gravity could be resolved if the generalized Kodama states could be constructed. This is because there is no preferred history of time evolution in the time integration of (110) and (125).
Preview into reality conditions on the Ashtekar variables
We are attempting to quantize gravity in Ashtekar variables, which is a complex theory. A common line of thought is that classical general relativity is a theory of real-valued quantities, therefore one should expect the value of the spacetime metric g µν and other physical quantities in the classical limit to be real. Also, the reality conditions are nontrivial to impose in the quantum theory [45] , [46] . But a counterargument is that it may not be necessary to impose the reality conditions at the quantum level since all that is currently established is that classical general relativity is real-it may be possible that the quantum theory is itself complex. Since there is a conspicuous lack of firmly established observational evidence or knowledge of what a quantum theory of gravity actually is, then who is to say that it definitely is not complex? For example, in [44] , Halliwell and Hartle showed that the only way to get the path integral definining the wavefunction of the universe to converge was to path integrate along complex metrics [37] [44] .
Furthermore, the Ashtekar theory of gravity is classically equivalent to Einstein's general relativity. So our view is that the Ashtekar variables provide an intermediate step in which certain unique insights into quantum gravity are made available. As suggested in [27] , in order to make contact with the predictions of quantum general relativity the results derived in Ashtekar variables must be transformed back into the metric representation to be examined. In this representation there is no longer a necessity to deal with reality conditions.
Hence there is nothing, besides the appeal to preconceived notions of intuition and tradition, to exclude the possibility that quantum general relativity could indeed be complex yielding a real, classically measureable limit. Furthermore, a comparison of the theory of basic classical mechanics to quantum mechanics indicates that the latter must possess complex-valued quantities (for example the wavefunction) even though the former does not. Therefore, the reality conditions on the Ashtekar variables may not pose as much a hindrance to the viability of the consistent quantization of gravity as is often surmized. The Ashtekar variables constitute an intermediate step in the quantization of gravity which yields certain unique insights not available in the metric representation. Therefore it makes sense to perform the quantization in Ashtekar variables rather than then alternative. Assuming that the physical content desired cannot be extracted from the Ashtekar representation itself, then one can always transform the quantum states found back into the metric representation. Reality conditions on the Ashtekar variables may perhaps translate into the requirement that the wavefunction in the metric representation exists, as noted by Chopin Soo in [25] . This would seem to contradict [44] in which even at the classical level, one must solve compex Einstein's equations in order to obtain sensible results. We will illustrate this in more detail in future work. In any event, there are situations for which the Ashtekar representation does in fact directly provide the physical insight required making the transformation and further consideration of reality conditions unnecessary .
Preview into the metric of quantized gravity
It is often noted that the canonical quantization of gravity in Ashtekar variables does not involve a background spacetime metric [9] , [46] , which is what enables one to possibly avoid the perturbative nonrenormalizability inherent in a quantization of gravity in terms of metric fluctuations. But in a certain sense the Ashtekar variables seem to imply a preferred background SU (2) − metric, namely the CDJ matrix corresponding to its vacuum state Ψ Kod . The correspondence of this metric to a spacetime metric can be seen by a transformation, using a nondegenerate magnetic field as a 'dreibein' 
the right hand side of (129) is related to the eigenvalue of the metric operator, which is finite due to the SQC. This can be seen by operation on the generalized Kodama state. 
In the case of the pure Kodama state we have Ψ ae = −6Λ −1 δ ae and the singular δ (3) (0) term in (130) drops out due to antisymmetry, yieldinĝ
which is the finite eigenvalue of the contravariant metric operator of density weight 2, hence the rationale for the notation H ij (2) . Note that this is the finite eigenvalue of a composite quantum operator of quantum gravity, finite and symmetric as one should hope for a metric.
The semiclassical orbits of the pure Kodama state were demonstrated by Smolin in [23] and Kodama in [41] , by solving the classical equations of motion subject to the constraints under the Ansatz of a spatially homogeneous flat Ashtekar connection A a i = Γ a i − iK a i ≡ −iδ a i f (t), where Γ a i is the three-dimensional spin connection, K a i is the exterior curvature of Σ, and f = f (t) is a spatially homogeneous time-dependent quantity related to the scale factor of a Robertson-Walker universe, yielding an exponentially inflating metric
The very fact that (132) can be deduced from the complex Ashtekar variables implies that there is no further need to address reality conditions on these variables for Ψ Kod , since everything of interest corresponding to an experimentally verifiable semiclassical limit of real general relativity has already been extracted from Ψ Kod . Our conjecture is that this should as well be the case for the generalized Kodama states Ψ GKod . One may naively conclude that due to the singular quantum term in (130), any generalized Kodama state cannot yield a finite eigenvalue of the densitized metric operator H ij (2) on the quantum level thus, imposing a restriction to the classical limit → 0 and consequent rejection of the quantized theory. However, it is possible to obtain the finite analogue of (130) for Ψ GKod by choosing a quantity related to the metric which does in fact yield a finite eigenvalue, and then expressing the metric in terms of it. This is accomplished simply by adjusting the density weight of the chosen operator such that the singular terms cancel out. Hence one chooses an operator of the form
picking n such as to produce the required cancellations leading to a finite result without the need for regularization. This general method for obtaining finite eigenvalues of composite operators without the the need for regularizzation we will as well demonstrate in detail in subsequent work. The main point is that the requirement of finiteness relative to Ψ GKod uniquely fixes the value of n, a parameter that nonperturbatively relates the pure to the generalized Kodama state with respect to this physical quantum mechanical quantity. Such a difference may be sufficient to distinguish quantum gravitational effects without the need to access the Planck scale for measurement, again a consequence of the SQC.
